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TURBINE BLADE PROXIMITY SENSOR AND CONTROL SYSTEM 

FIELD OF THE INVENTION 

[0001] The present invention relates to proximity sensors and, more 
particularly, to a proximity sensor and control system that senses and controls the 
proximity of rotating turbine blades to one or more non-rotating components. 

BACKGROUND OF THE INVENTION 

[0002] A gas turbine engine may be used to power various types of vehicles 
and systems. A particular type of gas turbine engine that may be used to power 
aircraft is a turbofan gas turbine engine. A turbofan gas turbine engine may 
include, for example, five major sections, a fan section, a compressor section, a 
combustor section, a turbine section, and an exhaust section. The fan section is 
positioned at the front, or "inlet" section of the engine, and includes a fan that 
induces air from the surrounding environment into the engine, and accelerates a 
fraction of this air toward the compressor section. The remaining fraction of air 
induced into the fan section is accelerated into and through a bypass plenum, and 
out the exhaust section. 

[0003] The compressor section raises the pressure of the air it receives from 
the fan section to a relatively high level. In a multi-spool engine, the compressor 
section may include two or more compressors. For example, in a triple spool 
engine, the compressor section may include a high pressure compressor, and an 
intermediate compressor. The compressed air from the compressor section then 
enters the combustor section, where a ring of fuel nozzles injects a steady stream 
of fuel. The injected fuel is ignited by a burner, which significantly increases the 
energy of the compressed air. 
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[0004] The high-energy compressed air from the combustor section then flows 
into and through the turbine section, causing rotationally mounted turbine blades 
to rotate and generate energy. The air exiting the turbine section is exhausted 
from the engine via the exhaust section, and the energy remaining in this exhaust 
air aids the thrust generated by the air flowing through the bypass plenum. 

[0005] Similar to the compressor section, in a multi-spool (e.g., multi-shaft) 
engine the turbine section may include a plurality of turbines. For example, in a 
triple spool engine, the turbine section may include a high pressure turbine, an 
intermediate pressure turbine, and a low pressure turbine. The energy generated 
in each of the turbines may be used to power other portions of the engine. For 
example, the low pressure turbine may be used to power the fan via one spool, the 
intermediate turbine may be used to power the intermediate pressure turbine via 
another spool that is concentric to the low pressure turbine spool, and the high 
pressure turbine may be used to power the high pressure compressor via yet 
another concentric spool. 

[0006] Typically, each turbine in a multi-spool gas turbine engine is mounted 
within a turbine case. The rotationally mounted blades in each turbine extend 
radially from its associated spool, and are surrounded by, and spaced apart from, 
an annular seal that is attached to the turbine case. The radial clearance between 
the turbine blade ends and the annular seal is preferably minimized, in order to 
reduce leakage of fluid (e.g., air) past the turbine blades. This is because turbine 
efficiency decreases as fluid leakage past the turbine blades increases. 

[0007] During a typical gas turbine engine operating cycle, rotational speed 
and temperature variations within the turbine may result in variations of the radial 
clearance between the blades and the annular seal. Hence, to avoid contact 
between the blades and annular seal, the clearance between these components 
may, under some circumstances, be larger than would otherwise be desirable for 
certain engine operating conditions. The condition that results in the smallest 
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radial clearance between the blades and annular seal occurs when the gas turbine 
engine is quickly brought up to full power. This may occur, for example, during 
an aircraft take-off and climb to cruise altitude. During an aircraft take-off, the 
turbine blades heat up rapidly and thermally expand. Additionally, the turbine's 
rotational speed increases, subjecting the blades to centrifugal forces that may 
cause radial blade growth. At the same time, the annular seal, and the turbine case 
that supports it, may both heat up rapidly and thermally expand. 

[0008] After take-off and climb to cruise altitude, when the gas turbine engine 
is operated in a lower power condition, a temperature equilibrium situation may 
be reached in the engine. However, the equilibrium temperature reached in 
various components of the turbines may result in the radial clearance between the 
turbine blades and annular seal being larger than desirable, resulting in 
undesirable leakage and concomitantly low engine efficiency. 

[0009] The rate at which the turbine case and turbine blades thermally expand 
are preferably matched so that the turbine blade/annular seal radial clearance 
remains within minimal clearance limits. Attempts have been made to overcome 
the problem of variation in the radial gap between the sealing member and the 
blades by providing, in some instances, a sensing and control system. In many of 
these sensing and control systems, one or more proximity sensors mounted within 
the turbine case sense the turbine blade/annular seal radial clearance and, in 
response to the sensed clearance, control the temperature of the turbine case. 
Many different types of proximity sensors have been, or are being, used to sense 
turbine blade/annular seal radial clearance. Included among these are capacitance 
sensors, inductance sensors, optical sensors, acoustic/dynamic response sensors, 
microwave resonant cavity sensors, and X-ray sensors. 

[0010] Although safe and generally effective, presently known sensing and 
control systems suffer certain drawbacks. Namely, the response characteristics, 
accuracy, and/or reliability of many of the above-mentioned proximity sensor 
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types is not as high as desirable when use in the operating environment of a gas 
turbine engine. As a result, proximity sensor replacement may be needed more 
often than is desirable, and turbine efficiency may be decreased, since proximity 
sensor accuracy may be low. Both of these drawbacks can lead to increased 
system and operational costs. 

[0011] Hence, there is a need for a turbine blade proximity sensor that 
addresses one or more of the above-noted drawbacks. Namely, a proximity sensor 
that exhibits sufficiently high and sufficiently consistent response, accuracy, and 
reliability in the potentially harsh gas turbine engine environment. The present 
invention addresses one or more of these needs. 



SUMMARY OF THE INVENTION 

[0012] The present invention provides a turbine blade proximity sensor that 
exhibits sufficiently high and sufficiently consistent response, accuracy, and 
reliability in the potentially harsh gas turbine engine environment, and a control 
system that uses the proximity sensor to control the clearance between the turbine 
blades and one or more non-rotating turbine components. 

[0013] In one embodiment, and by way of example only, a turbine blade 
proximity sensor for sensing proximity of each of a plurality of turbine blades to a 
non-rotating turbine component includes a sensor coil, an oscillator circuit, and a 
frequency modulation (FM) detector circuit. The oscillator circuit is coupled to 
the sensor coil and is operable to supply a sensor signal that is frequency 
modulated based on the proximity of the sensor coil to each of the turbine blades. 
The FM detector circuit is coupled to receive the frequency modulated sensor 
signal and is operable, in response thereto, to supply a proximity signal having an 
amplitude that varies with, and is representative of, the proximity of each of the 
turbine blades to the non-rotating turbine component. 
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[0014] In another exemplary embodiment, a turbine blade proximity control 
system for controlling proximity of each of a plurality of turbine blades, rotating 
at a rotational rate, to a non-rotating turbine component includes a sensor coil, an 
oscillator circuit, a frequency modulation (FM) detector circuit, and a controller. 
The oscillator circuit is coupled to the sensor coil and is operable to supply a 
sensor signal that is frequency modulated based on the proximity of the sensor 
coil to each of the turbine blades. The FM detector circuit is coupled to receive 
the frequency modulated sensor signal and is operable, in response thereto, to 
supply a proximity signal having an amplitude that varies with, and is 
representative of, the proximity of each of the turbine blades to the non-rotating 
turbine component. The controller is coupled to receive the proximity signal from 
the FM detector and is operable, in response thereto, to control the proximity of 
the turbine blades to the shroud. 

[0015] In still another exemplary embodiment, a gas turbine engine includes a 
turbine case, a turbine wheel, a plurality of turbine blades, and a turbine blade 
proximity sensor system. The turbine wheel is rotationally mounted within the 
turbine case and is configured to rotate at a rotational rate. The turbine blades 
extend from the turbine wheel toward the turbine case. The turbine blade 
proximity sensor system includes a sensor coil, an oscillator circuit, and a 
frequency modulation (FM) detection circuit. The sensor coil is disposed at least 
partially within the turbine case. The oscillator circuit is coupled to the sensor 
coil and is operable to supply a sensor signal that is frequency modulated based on 
the proximity of the sensor coil to each of the turbine blades. The FM detector 
circuit is coupled to receive the frequency modulated sensor signal and is 
operable, in response thereto, to supply a proximity signal having an amplitude 
that varies with, and is representative of, the proximity of each of the turbine 
blades to either the turbine case or one or more components mounted thereto. 

[0016] In yet another exemplary embodiment, a method of determining 
proximity of each of a plurality of turbine blades, rotating at a rotational rate, to a 
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non-rotating turbine component, includes supplying a sensor signal is frequency 
modulated based on the proximity of each of the turbine blades to the non-rotating 
turbine component. The frequency modulated sensor signal is frequency 
demodulated to thereby supply a proximity signal having an amplitude that varies 
with, and is representative of, the proximity of each of the turbine blades to the 
non-rotating turbine component. 

[0017] Other independent features and advantages of the preferred proximity 
sensor and control system will become apparent from the following detailed 
description, taken in conjunction with the accompanying drawings which 
illustrate, by way of example, the principles of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] FIG. 1 is a cross section side view of a portion of an exemplary gas 
turbine engine according to an embodiment of the present invention; 

[0019] FIG. 2 is a simplified cross section end view of a portion of an 
exemplary turbine that may be used in the engine of FIG. 1, and showing 
schematically the interconnection of external sensing and control systems to the 
turbine section; 

[0020] FIG. 3 is a functional block diagram of a proximity sensor system that 
may be used in the turbine section of the engine shown in FIGS. 1 and 2; 

[0021] FIGS. 4 and 5 are top and side views, respectively, of an exemplary 
inductance sensor coil that may be used in the proximity sensor system of FIG. 3; 

[0022] FIG. 6 is a perspective, cut away view of a high temperature coaxial 
cable that may be used in the proximity sensor system of FIG. 3; and 
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[0023] FIG. 7 is a diagram showing an exemplary output waveform of the 
proximity sensor system of FIG. 3. 

DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT 

[0024] Before proceeding with a detailed description, it is to be appreciated 
that the described embodiment is not limited to use in conjunction with a 
particular type of turbine engine, or even to use in a turbine. Thus, although the 
present embodiment is, for convenience of explanation, depicted and described as 
being implemented in a multi-spool turbofan gas turbine jet engine, it will be 
appreciated that it can be implemented in various other types of turbines, and in 
various other systems and environments. 

[0025] An exemplary embodiment of a multi-spool turbofan gas turbine jet 
engine 100 is depicted in FIG. 1, and includes an intake section 102, a compressor 
section 104, a combustion section 106, a turbine section 108, and an exhaust 
section 110. The intake section 102 includes a fan 1 12, which is mounted in a fan 
case 114. The fan 112 draws air into the intake section 102 and accelerates it. A 
fraction of the accelerated air exhausted from the fan 1 12 is directed through a 
bypass section 116 disposed between the fan case 114 and an engine cowl 118, 
and provides a forward thrust. The remaining fraction of air exhausted from the 
fan 1 12 is directed into the compressor section 104. 

[0026] The compressor section 1 04 includes two compressors, an intermediate 
pressure compressor 120, and a high pressure compressor 122. The intermediate 
pressure compressor 120 raises the pressure of the air directed into it from the fan 
112, and directs the compressed air into the high pressure compressor 122. The 
high pressure compressor 122 compresses the air still further, and directs the high 
pressure air into the combustion section 106. In the combustion section 106, 
which includes a plurality of combustors 124, the high pressure air is mixed with 
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fuel and combusted. The combusted air is then directed into the turbine section 
108. 

[0027] The turbine section 108 includes three turbines disposed in axial flow 
series, a high pressure turbine 126, an intermediate pressure turbine 128, and a 
low pressure turbine 130. The combusted air from the combustion section 106 
expands through each turbine, causing it to rotate. The air is then exhausted 
through a propulsion nozzle 132 disposed in the exhaust section 110, providing 
addition forward thrust. As the turbines rotate, each drives equipment in the 
engine 100 via concentrically disposed shafts or spools. Specifically, the high 
pressure turbine 126 drives the high pressure compressor 122 via a high pressure 
spool 134, the intermediate pressure turbine 128 drives the intermediate pressure 
compressor 120 via an intermediate pressure spool 136, and the low pressure 
turbine 130 drives the fan 112 via a low pressure spool 138. 

[0028] Turning now to FIG. 2, a simplified cross section end view of a portion 
of a turbine, and a schematic representation of the interconnection of external 
sensing and control systems to the turbine, is shown. It should be understood that 
the depicted turbine 200, while illustrated in a simplified manner, is representative 
of any one of the high pressure 126, intermediate pressure 128, or low pressure 
130 turbines included in the turbine section 108 of the engine 100 depicted in FIG. 
1, and described above. It should additionally be understood that the turbine 200 
is also representative of any one of numerous turbines that may be implemented in 
numerous other and varied environments. 

[0029] With the above background in mind, it is seen that the turbine 200 is 
mounted within a turbine case 202, and includes one or more sets of moveable 
turbine blades 204. While not depicted for clarity sake, it will be appreciated that 
the turbine 200 may additionally include one or more sets of fixed stator blades. It 
will additionally be appreciated that, for clarity, only a single set of turbine blades 
204 is shown in FIG. 2. The turbine blades 204 are each coupled to, and extend 
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from, a turbine wheel 206, which is in turn mounted on a shaft or spool 208. A 
plurality of annular seals (not shown) may be coupled to the inner surface 210 of 
the turbine case 202. 

[0030] As was noted above, during operation of the turbine 200, the turbine 
case 202 thermally expands and contracts. This expansion and contraction, 
coupled with variations in turbine speed, result in variations in the gaps between 
the turbine case 202 and the turbine blades 204. As was additionally noted above, 
the gap sizes and variations in gap sizes are preferably minimized to reduce fluid 
leakage past the turbine blades 204. In order to minimize the variations in gap 
size, the clearance between the turbine blades 204 and the turbine case 202, or 
other components coupled to the turbine case 202, such as annular seals, is sensed 
by a proximity sensor system 212. In response to the clearances sensed by the 
proximity sensor system 212, the turbine case 202 is selectively cooled by 
selectively directing cooling air onto the turbine case 202. In the depicted 
embodiment, a controller 214 is coupled to the proximity sensor system 212 and, 
in response, supplies valve position commands to one or more valve assemblies 
216 (for clarity, only one shown). The valve assembly 216, shown in simplified 
schematic form in FIG. 2, is disposed in an annular space 218 formed between, for 
example, the engine cowl 118 and a manifold 220 that surrounds the the turbine 
case 202. In response to the valve commands from the controller 214, the valve 
assembly 216 selectively opens and closes, to selectively direct cooling air to the 
turbine case 202, via the manifold 220. With reference now to FIGS. 3-7, a 
detailed description of a particular preferred embodiment of the proximity sensor 
system 212 and its operation will be provided. 

[0031] The proximity sensor system 212, shown in functional block diagram 
form in FIG. 3, includes a sensor coil 302, an oscillator circuit 304, and a 
frequency modulation (FM) detection circuit 306. The sensor coil 302 is 
preferably configured as an eddy current type sensor. As such, the sensor coil 302 
is a multi-turn inductance coil that includes a wire conductor 308 that is preferably 
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wound on a core 310. In a particular preferred embodiment, in which the 
proximity sensor 226 is used in a turbine engine environment, the wire conductor 
308 is a high melting point, high conductivity wire such as, for example, platinum 
or molybdenum, though it will be appreciated that it could be formed of numerous 
other conductors, depending upon the end-use environment. Moreover, as will be 
described more fully below, the sensor coil 302 functions as the frequency 
determining element of the oscillator circuit 304. Thus, to attain a high Q-factor, 
the sensor coil 302 preferably has a low resistance. In accordance with a 
particular preferred embodiment, constructing the sensor coil using a 20 A.W.G. 
platinum wire conductor 308 provides the desired Q-factor. 

[0032] The core 310 is used to support the wire conductor 308 and a particular 
physical embodiment of the core 3 10 is shown in top and side views in FIGS. 4 
and 5, respectively. As can be seen, the core 310 is preferably, though not 
necessarily, tube-shaped, and may be either solid or hollow. The core 310 
includes a helical groove 402 formed in an outer surface thereof, a notch 502 
formed in one end, and a hole 504. The conductor 308 (not shown in FIGS. 4 and 
5) is wound around the core 310 by disposing it partially within the groove 402. 
This helps to maintain the spacing between the coil turns, which provides uniform 
current flow and inductance effects. The notch 502 and hole 504 are used to 
capture the ends of the conductor 308 when it is wound on the core 310. The core 
310, like the conductor 308, is also preferably formed of high temperature 
material such as, for example, alumina or zirconia, though it will be appreciated 
that it could also be formed of numerous other materials, depending upon the end 
use environment. 

[0033] Returning once again to FIG. 3, the oscillator circuit 304 is coupled to 
the sensor coil 302 and, as will be described more fully below, supplies a variable 
frequency and variable amplitude sensor signal 312. The oscillator circuit 304 
may be implemented using any one of numerous known types of oscillator circuits 
and oscillator circuit topologies, so long as it exhibits the appropriate circuit 
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response characteristics. No matter the particular type or circuit topology, the 
oscillator circuit 304 includes a capacitive circuit element 314, which may be 
implemented as a single capacitor or multiple capacitors electrically coupled in 
parallel, series, or combination thereof to meet desired circuit characteristics. In 
any case, when the sensor coil 302 is coupled to the oscillator circuit 304, the 
capacitive circuit element 314 and sensor coil 302 are electrically coupled in 
parallel. Thus, the sensor coil 302 and the capacitive circuit element 314 form a 
parallel-resonant LC tank circuit, which determines the frequency of the oscillator 
circuit 304, and thus the instantaneous frequency of the sensor signal 312. 

[0034] More particularly, and as is generally known, the resonant frequency of 
a parallel-resonant LC tank circuit is: 



res 2tt4lC 

where f res is the resonant frequency (Hz), L is the inductance (H), and C is the 
capacitance (F). As is also generally known, when an inductance coil, such as the 
sensor coil 302, is in close proximity to a conductor, such as a turbine blade, the 
conductor acts as a shorted coil turn that counteracts the inductance of the last coil 
turn. Thus, the sensor coil 302, when implemented in the turbine engine 200 as 
outlined above, will exhibit an inductance (L) that varies with the proximity of the 
sensor coil 302 to the turbine blades 204. In particular, the inductance of the 
sensor coil 302 will decrease the closer a turbine blade 204 is to the sensor coil 
302. As such, the frequency of the sensor signal 312 supplied by the oscillator 
circuit 304 will concomitantly vary with the proximity of the sensor coil 302 to 
the turbine blades 204. Thus, the sensor signal 3 12 is frequency modulated based 
on the proximity of the turbine blades 204 to the sensor coil 302, and at the 
rotational rate of the turbine wheel 206. 

[0035] It will be appreciated that the sensor coil 302 and capacitance element 
314 may be constructed and/or selected to exhibit any one of numerous inductance 
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and capacitance values, respectively, in order to cause the oscillator circuit 304 to 
oscillate within a desired frequency range. While it will be appreciated that the 
operational frequency range of the oscillator circuit 304 may be selected from any 
one of numerous ranges, in a particular preferred embodiment, the sensor coil 302, 
the capacitive circuit element 314, and the oscillator circuit 304 are constructed 
and/or selected to provide an operational frequency range of about 20 MHz to 1 00 
MHz. Moreover, it will be appreciated that the oscillator circuit 304 may be 
configured to transmit the sensor signal 312 over a hardwired connection to the 
FM detector circuit 306, or to transmit the sensor signal 312 wirelessly. 

[0036] Before proceeding with a description of the FM detector circuit 306, it 
is noted that in a particular preferred embodiment the sensor coil 302 is coupled to 
the oscillator circuit 304 via a high temperature coaxial cable. A partial cutaway 
perspective view of one such cable is shown in FIG. 6. Preferably, the cable 600 
includes an inner conductor 602, an electrical insulator 604, and an outer 
conductor 606, all of which may be encased in a non-illustrated electrically 
insulating sheath or housing. The inner conductor 602 may be formed of any one 
of numerous known conductive materials, and may additionally include one or 
more strands of wire. In the depicted embodiment, the inner conductor 602 is a 
platinum wire. 

[0037] The insulator 604 is preferably formed of a ceramic material, such as 
alumina or zirconia, and surrounds the inner conductor 602, electrically insulating 
the inner 602 and outer 606 conductors from one another. The outer conductor 
606 may also be made of any one of numerous materials, but in the depicted 
embodiment it is a stainless steel tube. The insulator 604 also acts as a dielectric 
between the inner 602 and outer 606 conductors, which forms a cylindrical 
capacitor. Thus, it will be appreciated that the coaxial cable 600, when included, 
forms either a portion or the entire the capacitive circuit element 308 in the 
oscillator circuit 304. It will additionally be appreciated that the capacitance 
exhibited by the coaxial cable 600 can be reduced, if needed or desired, by 
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including a shield electrode 608 (shown in phantom in FIG. 6) between the inner 
602 and outer 606 conductors. Although shown as being disposed between the 
outer conductor 606 and the insulator 604, it will be appreciated that the shield 
electrode 608 could also be disposed between the inner conductor 602 and the 
insulator 604, or embedded between separate sections of insulator 604. 

[0038] Returning now to FIG. 3, the FM detector circuit 306 is configured to 
receive the sensor signal 312 from the oscillator circuit 304. As was alluded to 
above, the FM detector circuit 306 may be configured to receive the sensor signal 
312 via a hardwired connection, or wirelessly. Moreover, the FM detector circuit 

306 may be implemented as any one of numerous known FM demodulator circuits 
including, but not limited to, a slope detector, a Foster-Seeley detector, a 
quadrature detector, a phase-locked loop (PLL), and a digital signal processor 
(DSP). In a particular preferred embodiment, however, a ratio detector is used. 
As is generally known, a ratio detector uses a double-tuned transformer to convert 
the instantaneous frequency variations in an FM signal to an amplitude signal. 

[0039] No matter the particular type of demodulator that is used to implement 
the FM detector circuit 306, each demodulator converts the instantaneous 
frequency variations in the frequency modulated sensor signal 312 to a proximity 
signal 316 that varies in amplitude with the instantaneous frequency of the sensor 
signal 312. It will be appreciated that, since the instantaneous frequency of the 
sensor signal 312 varies with proximity of the sensor coil 302 to the rotating body 
(e.g., turbine blades), the amplitude of the proximity signal 316 is representative 
of the proximity of the sensor coil 302 to the rotating body. In particular, the 
amplitude of the proximity signal 316 will increase the closer the rotating body is 
to the sensor coil 302. Thus, the peak value of the proximity signal 316 indicates 
the minimum gap spacing at a given time. As such, the FM detector circuit 306, 
as shown in FIG. 3, may additionally include a peak detector circuit 307, which 
determines the peak value of the proximity signal 316. The peak detector circuit 

307 may be implemented using any one of numerous know peak detector circuit 
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configurations. Moreover, the peak detector circuit 307, while depicted as be 
implemented as part of the FM detector circuit 306, could be implemented as a 
separate, individual circuit. As FIG. 3 additionally shows, the proximity signal 
3 16 is then supplied to the controller 214, and may additionally be supplied to one 
or more displays 318. The peak value of the proximity signal 316 may also be 
supplied to either or both the controller 214 and the displays 318. 

[0040] With reference now to FIG. 7, a representative proximity signal 
waveform is shown. This particular waveform depicts the proximity signal 316 
supplied by the FM detector circuit 306 when the proximity sensor system 212 is 
used to sense turbine blade clearance for a turbine having 38 blades and rotating at 
28,000 revolutions per minute (rpm). With such a turbine, the blade rate past the 
sensor coil 302 is about 17.7 kHz. Thus, the proximity signal 316 has a similar 
frequency, and the proximity signal amplitude, as was noted above, increases as 
each turbine blade passes the sensor coil 302, and the peak value indicates the 
minimum gap spacing at a given time. 

[0041] The proximity sensor system described herein exhibits a high and a 
consistent response, accuracy, and reliability, even in a potentially harsh 
environment, such as a gas turbine engine. 

[0042] While the invention has been described with reference to a preferred 
embodiment, it will be understood by those skilled in the art that various changes 
may be made and equivalents may be substituted for elements thereof without 
departing from the scope of the invention. In addition, many modifications may 
be made to adapt to a particular situation or material to the teachings of the 
invention without departing from the essential scope thereof. Therefore, it is 
intended that the invention not be limited to the particular embodiment disclosed 
as the best mode contemplated for carrying out this invention, but that the 
invention will include all embodiments falling within the scope of the appended 
claims. 



